The aim of this study was to determine the effect of different initial doses of the infective juveniles (IJs) (50 IJs, 200 IJs, 1000 IJs ) of Heterorhabditis megidis Poinar (Rhabditida: Heterorhabditidae) strain IsM15/09 on recovery, final yields and percent final yields in larvae Galleria mellonella ( L.). Percent recovery was not directly related to initial dose. Final yields also did not change with the initial dose. However, percent yields was highly negatively correlated with initial dose of nematodes and was the highest with the 50 IJs dose. Additional point of the study was to investigate whether the nematodes are able to produce progeny from one hermaphroditic individual. The results showed that the invasive larvae resumed growth and transformed into hermaphroditic individuals that reproduced without cross-fertilisation.
Introduction
Entomopathogenic nematodes from the families Steinernematidae and Heterorhabditidae and their respective symbiotic bacteria, Xenorhabdus spp. and Photorhabdus spp., are lethal parasites of many insects. These nematodes are broadly used in biological plant protection programmes (Burnell and Stock 2000; Koppenhöfer et al. 2007) . One of the advantages of their use is that these nematodes are easy to culture and may be kept in vitro and in vivo (Lacey et al. 2001) . Caterpillars of Galleria mellonella L. (Lepidoptera: Pyralidae) and larvae of Tenebrio molitor (Coleoptera: Tenebrionidae), which are used in their production, are easily available, and raising them is easy and efficient. These hosts are also highly susceptible to infection; hence, it is possible to produce many species of nematodes from these species (Shapiro-Ilan and Gaugler 2002) .
In vivo reproductive yields can be increased through the optimisation of selected parameters, especially at the stage of host infection. Therefore, it is important to select the appropriate method of infection, optimum initial dose and maximum host density, which are nematode and insect speciesspecific. Thus, the final effect of in vivo cultures is affected by many factors that have been the subject of many studies (Shapiro-Ilan and Gaugler 2002) . This study was undertaken to explain how the initial dose of H. megidis affects its developmental cycle and, consequently, the final yields in G. mellonella larvae.
Materials and Methods

Study material
The strain IsM15/09 of H. megidis used in this study was isolated from Zachodniopomorskie Province in Poland. To achieve the optimum invasiveness, invasive larvae were kept for 2 weeks in bottles for tissue cultures filled 1/3 with water at a temperature of 4°C. Throughout the study period, the nematodes were kept under the same conditions. Prior to the experiments, the nematodes were kept for 15 min. at room *Corresponding author: dorota_tumialis@sggw.pl Dorota Tumialis et al. 214 temperature. In vivo experiments were performed in G. mellonella larvae with a mean weight of 162 mg cultured at the Department of Zoology, Faculty of Animal Science, University of Life Sciences-SGGW.
Methods
The initial dose of infective juveniles (IJs) (50 IJs, 200 IJs and 1000 IJs) that was applied to infect the caterpillars of G. mellonella was the only variable. The same methods of insect infection were used to determine the number of nematodes in particular generations and to estimate the final reproductive yields.
Methods of infection of insects used in experiments
Infection of G. mellonella larvae with initial doses of 50, 200 and 1000 IJs -One millilitre of nematode suspension (50 IJs, 200 IJs or 1000 IJs) was poured on three round pieces of filter papers (45 mm diameter) that were then wrapped around 1 caterpillar of G. mellonella. Wrapped caterpillars placed on 90 mm diameter Petri dishes, 10 larvae per one dish (in total 100 larvae were used). The bundle was wrapped with aluminium foil to create an inoculation cocoon, which was kept at 25°C for 48 h.
H. megidis nematode development after an initial dose of 1 IJ
To test whether the nematodes are able to produce progeny from one hermaphroditic individual, 25 larvae of G. mellonella were infected by 1 invasive larva of H. megidis. One caterpillar of G. mellonella was placed in an Eppendorf test tube with a scrap of filter paper with one invasive larva on it. Tubes were incubated at 25°C for 48 h. Insect mortality was estimated, and the test tubes were transferred again to a growth chamber. After 5 days, 5 infected caterpillars of G. mellonella were dissected.
The presence of hermaphroditic individuals at the final phase of growth cycle of H. megidis
To check whether hermaphroditic individuals appear in the later phase of the growth cycle of H. megidis occurred in the body of insect infected by an initial dose of 1000 IJs, 25 caterpillars of G. mellonella were dissected on the 12th day after infection. The test was performed with three replicates of 25 caterpillars three times.
Estimating the final yields of nematodes in vivo
After 48-hour incubation, dead caterpillars of G. mellonella were transferred into modified White's traps (White 1929) . In each of the Petri dishes, nematodes were extracted from the bodies of 8-10 caterpillars of G. mellonella after 14 days at 25°C. The invasive larvae released into the water were col- 
Statistical analysis
Results were calculated with STATISTICA 9.0. Statistical significance of the relationships between the initial dose and studied parameters (final reproductive yields and percent yields of H. megidis in culture) was estimated with non-parametric Kruskal-Wallis ANOVA.
Results
Growth of H. megidis after an initial dose of 1 IJ
A high percent of recovery (100%) of nematodes in the host's body was observed 5 days after the infection of G. mellonella with an initial dose of 1 IJ. Invasive larvae resumed growth and transformed into hermaphroditic individuals that reproduced without cross-fertilisation (in all 25 examined larvae of G. mellonella the presence of hermaphroditic individuals and their offspring was found).
The presence of hermaphroditic individuals of H. megidis in the final phase of the growth cycle
Twelve days after infection, no hermaphroditic individuals were found in the bodies of G. mellonella infected with an initial dose of 1000 IJs. Only females and young larvae of the next generation were observed.
The effect of initial dose on recovery (%)
No significant effect of the initial dose (50 IJs, 200 IJs, 1000 IJs) on recovery was found (p<0.05) (Fig.1) .
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The effect of initial dose on the final yields of in vivo culture
There were no significant differences in the effect of initial dose (50 IJs, 200 IJs, 1000 IJs) on the final yields of in vivo cultures (p<0.05) (Fig. 2) .
There no statistically significant differences between doses of 50 and 1000, 200 and 1000 (Fig. 2) . However, final yields was found to increase with increasing initial dose. The lowest mean yields (45 r of invasive larvae obtained after application of initial doses of 50 IJs and 200 IJs was negligible.
A significant difference was found between the initial dose of 50 IJs and 1000 IJs. The highest average yield rate (90) was obtained using 50 invasive larvae, and the lowest rate (6 228,67%) was obtained with a dose of 1000 IJs. The greater the number of infectious larvae used per host, the lower the percentage yield obtained in vivo culture. There were significant differences in the effect of initial dose (50 IJs, 200 IJs, 1000 IJs) on the percent (%) yields of in vivo culture (p<0.05) (Fig 3) . 
Discussion
Caterpillars of G. mellonella are hosts that are easily infected with entomopathogenic nematodes (EPNs). This susceptibility occurs because these caterpillars do not contact nematodes in their natural environment and, therefore, their immune system does not recognise invasive larvae and release symbiotic bacteria. On the contrary, the larvae of insects such as Tipula oleracea, Tipula paludosa and Othiorhynchus sulcatus live in soil and commonly come into contact with EPNs. Their immune systems have developed many protective mechanisms such as phagocytosis, encapsulation, synthesis of adhesive molecules and antibacterial peptides, lysozymes and lectins. These all factors destroy bacteria and nematodes before they can cause the host's death (Li et al. 2007) . The nematodes H. megidis are able to overcome the defences of the potential host's immune system. The nematodes may also synthesise and release numerous enzymes (proteases, α-mannosidase and α-fukosidase), the activity of which is noted in insects that are highly infected by virulent nematodes (Simões et al. 2000) . Another feature of the invasive larvae of H. megidis is their high coefficient of penetration, which is the main source of the high pathogenicity of this species (Gerritsen et al. 1998) . Studies confirm the ability of H. megidis nematodes to quickly and effectively penetrate G. mellonella larvae.
H. megidis nematodes develop in the larvae of G. mellonella infected by both low and high doses of invasive larvae. Hermaphroditic individuals develop from a single invasive larva and are able to reproduce and to give birth to its offspring separately. The hermaphroditic individual lays some of its eggs in the host's body cavity and retains the remainder of the eggs inside its uterus. This phenomenon is confirmed by observations of Boff et al. (2001) and Wang and Bedding (1996) who analyse the growth cycle of H. bacteriophora. Wang and Bedding (1996) observed the life cycle of H. bacteriophora using an initial dose of 1 IJ. Similar results are found by Baliadi et al. (2009) . They find the occurrence of hermaphroditic individuals on the 3rd day after infection.
The number of invasive larvae of H. megidis penetrating the host's body increase with a greater initial dose, but recovery remained almost stable. Regardless of the initial concentration of nematodes in the insects' hemocoel, 22.0-24.2% of invasive larvae initiated further development, and the highest recovery was observed at an initial dose of 1000 IJs. Fan and Hominick (1991) , who expose insects to various nematode densities (10 IJs-300 IJs), also find that the percentage of penetrating invasive larvae of Heterorhabditis was independent of the initial dose. According to Mannion and Jansson (1993) , Heterorhabditis nematodes maintain their invasive abilities for several days, and the higher the initial nematode concentration, the greater the percentage of larvae entering host's body and initiating further development. Quite a different tendency is observed by Boff et al. (2000) , who find that an increase of initial dose results in a decrease of the percentage of nematodes initiating further development in G. mellonella larvae. They obtain the highest recovery (38.3%) at the smallest initial dose (10 IJs) and the lowest recovery (16%) with 1000 IJs. A similar relationship is also found by Selvan et al. (1993) when studying the effect of various initial doses (10 IJs-6400 IJs) on recovery in H. bacteriophora and S. carpocapsae. They con- The effect of initial dose on the recovery and final yields of Heterorhabditis megidis (Rhabditida: Heterorhabditidae) in vivo 217 clude, as do Fan and Hominick (1991) , that in a given time period, only part of the initial dose of invasive larvae is able to infect and penetrate the host's body. Lewis et al. (2006) suggest that a high density of nematodes in insects' hemocoel is a source of signals that are sent to the external environment. These signals hamper the penetration of invasive larvae from outside; thus, the nematodes avoid "overcrowded" hosts that would provide poor food resources. Bonifassi et al. (1999) demonstrate that invasive larvae of EPNs may retain numerous bacterial cells on the surface of their external cuticular layer. A high number of nematodes penetrating insect's hemocoel may be a source of many pollutants, making the resumption of larval development impossible. Those pollutants could be another reason for the low recovery observed at high initial doses of 200 IJs and 1000 IJs.
The number of offspring produced (final yields) in H. megidis does not depend on the initial concentration of nematodes. Nevertheless, the number of invasive larvae released from the bodies of G. mellonella caterpillars infected with 1000 IJs is the highest. The number of offspring obtained at 50 and 200 IJs doses are similar and slightly smaller than that obtained at the highest nematode concentration. No effect of the initial dose on the production of invasive larvae is also demonstrated by Shapiro-Ilan and Gaugler (2002) for H. bacteriophora and S. carpocapsae, by Flanders et al. (1996) for H. bacteriophora and by Elawad et al. (1999) for S. abbasi. A strong effect of a high concentration of nematodes (3000 IJs) on final yields is, however, shown by Boff et al. (2000) . A slight increase of the number of invasive larvae that are observed with increasing dosages remains until the application of a dose of 300 IJs. Increasing nematode density to 1000 IJs and 3000 IJs results in a decline in final yields. Comparable results are obtained by Selvan et al. (1993) , who study final yields of H. bacteriophora and find an increase of the number of produced nematodes with increasing concentration up to the dose of 100 IJs. According to Zervos et al. (1991) , final production of H. bacteriophora achieves its maximum level when infecting hosts with 25 invasive larvae and then decreases with increasing initial dosages. In liquid cultures, the initial dose affects final yields in various ways. In H. bacteriophora, the initial concentration of invasive larvae affects total production (Han 1996) , while in H. indica, the number of offspring produced does not depend on the initial dose (Ehlers et al. 2000) .
These studies suggest that for some species of EPNs, there is an "optimum" initial dose that results in a density of nematodes in the insects' hemocoel at which point no competition for food is observed. An increasing number of nematodes and decreasing food resources cause the proliferation of invasive larvae that do not continue further growth and leave their host's body. If the concentration of nematodes in the insect's body is too high, strong competition exists not only for food, but also for space and oxygen, even in the first generation. Intense competition decreases the health of parasitic nematodes, their reproductive abilities and, consequently, the number of offspring. Based on studies and observations of Boff et al. (2000) , it could be concluded that H. megidis are more resistant to overcrowding than other species of EPNs, such as H. bacteriophora. The final efficiencies found for H. megidis were higher than those noted by Boff et al. (2000) , despite the fact that both experiments were performed under the same thermal conditions (25°C). Mason and Hominick (1995) found that nematode production in the body of G. mellonella larvae is higher at 15°C and 20°C than at 25°C.
The initial dose did not affect final yields but, as shown in this study, it determined the percent yields of in vivo culture. These results suggest that the most effective initial dose of H. megidis grown in the body of G. mellonella larvae at 25°C is 50 IJs. Boff et al. (2000) calculate the coefficient of reproduction, i.e. the ratio of final yields to the number of nematodes that managed to penetrate the insect's hemocoel, which was also negatively correlated with the size of initial dose.
Studies show that initial dose is a parameter that significantly affects the percent yields of culture, selection of appropriate host species in which nematodes multiply is also important (Shapiro-Ilan and Gaugler 2002).
Conclusions
Hermaphroditic individuals of H. megidis do not need other
hermaphrodites for reproduction, thus exhibiting an ability to self-fertilise. 2. Final yields of H. megidis culture does not depend on the size of initial dose. Regardless of the initial concentration of nematodes, the number of invasive larvae produced was high (>45 000 IJs/G. mellonella larva). 3. The initial dose significantly affects the percent yields of in vivo culture. The best results were obtained after application of an initial dose of 50 IJs. 4. Percent of invasive larvae initiating further growth (recovery) regardless of the initial dose ranged from 22.0 to 24.2%.
